Introduction {#s0010}
============

High-risk human papillomavirus (HPV) infection is the major risk factor of a large number of human cancers, among which the most prevalent is cervical cancer. HPV subtypes 16 and 18 are the most carcinogenic and are responsible for the majority of cervical cancer cases [@bib0010]. HPV-encoded oncoproteins E5, E6 and E7 are the primary viral factors responsible for initiation and progression of cervical cancer. They act largely by overcoming negative growth regulation by host cell proteins and by inducing genomic instability ([@bib0015] and references therein). E5 has lower transforming activity than E6 and E7, but it is able to potentiate the activity of the other two viral oncoproteins during the early steps of viral infection/transformation. E6 and E7 act in combination to promote degradation by proteasome of proteins involved in cell cycle arrest and DNA damage sensing/repair and of pro-apoptotic proteins as well. The first and best characterized proteins targeted by E7 for proteasome degradation are tumor suppressor proteins of the pRB family, which in turn leads to the increase of p53 and apoptosis [@bib0020]. E6 counteracts p53 elevation by targeting it for proteasome degradation mainly through association with cellular ubiquitin ligase E6-associated protein (E6AP) [@bib0025]. Moreover, HPV oncoproteins have been shown to up-regulate several proteins important for cancer development [@bib0030]. Such complex network of interactions between high-risk HPV viral proteins and host proteins ultimately results in a host cell survival advantage necessary for virus replication and cancer development ([@bib0015], [@bib0035], [@bib0040], [@bib0045] and references therein).

The anti-apoptotic cellular machinery includes several proteins, among which is the BAG family molecular chaperone regulator 3 (BAG3). BAG3 protein is a member of the human BAG family of molecular co-chaperone proteins. All BAG proteins contain an evolutionarily conserved domain (BAG domain), through which they bind to heat shock protein cognate 70/heat-shock protein 70 (Hsc70/Hsp70) ATPase domain and to other partners (steroid hormone receptors, RAF-1, and others) ([@bib0050] and references therein). In addition, BAG3 contains a WW domain, a proline-rich region (PXXP), and two conserved IPV (Ile-Pro-Val) motifs, that can mediate binding to other proteins. Due to the presence of several protein--protein interaction domains in its structure, BAG3 is implicated in several cellular processes, including cell survival, proliferation, migration, and apoptosis [@bib0055], [@bib0060]. *bag3* gene expression, which is constitutive only in a few normal cell types (e.g. skeletal muscle and heart), can be induced by stressors, such as oxidants, high temperature, and serum deprivation in other normal cell types. The pro-survival role of BAG3 is signified by its over-expression in several human tumors (e.g. pancreatic cancer, melanoma, and leukemia), where it appears to exert an anti-apoptotic role [@bib0065]. Recent studies demonstrated that BAG3 is required for efficient growth of different viruses, including varicella-zoster virus [@bib0070], HIV-1 [@bib0075], Epstein--Barr virus [@bib0080], herpes simplex virus [@bib0085], polyomavirus JC [@bib0090], SARS-CoV [@bib0095], and adenovirus [@bib0100]. Moreover, we recently demonstrated a positive correlation between BAG3 expression and the presence of Bovine Papilloma Virus in equine sarcomas [@bib0105].

To the best of our knowledge, there are only two studies reporting changes of BAG3 expression in high-risk HPV-harboring cells and results were contradictory, possibly depending on the experimental model employed. BAG3 has been proposed as candidate biomarker for early detection of cervical neoplasia by Ranamukhaarachchi et al. [@bib0110] on the basis of its up-regulation during dysplastic differentiation of keratinocytes derived from a clinical biopsy of HPV16^+^ cervical epithelium. Conversely, lowered BAG3 expression has been observed in SiHa cells, harboring HPV16, compared to a normal keratinocyte cell line [@bib0115].

With this study we aimed to investigate whether BAG3 is involved in survival and resistance to pro-apoptotic stimuli of high-risk HPV18-infected cells. Here, we demonstrated that down-modulation of BAG3 protein sensitized HPV18^+^ HeLa, but not HPV^--^ C33A cells to phenethyl isothiocyanate (PEITC)-induced apoptosis. The impact of BAG3 suppression on E6-dependent p53 inactivation machinery in HeLa cells was also explored.

Materials and methods {#s0015}
=====================

Reagents and antibodies {#s0020}
-----------------------

Fetal Bovine Serum (FBS) was from GIBCO (Life Technologies, Grand Island, NY, USA). Protein A/G-Sepharose was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Trizol Reagent, RNAse H, SuperScript® II Reverse Transcriptase, random primers, and dNTP mix were purchased from Invitrogen (Life Technologies). SYBR Green I Master Mix and DNase I were from Roche Applied Science (Mannheim, Germany). Primers (custom synthesized) and all the other reagents were from Sigma-Aldrich (St. Louis, MO, USA).

The polyclonal (TOS-2) antibody against human BAG3 protein was provided by Biouniversa, Italy. Anti-GAPDH (mouse monoclonal, sc-32233), anti-α-tubulin (mouse monoclonal, sc-32293), anti-E6-AP (rabbit polyclonal, sc-25509), and immune control IgG were from Santa Cruz Biotechnology; anti-p53, clone E26 (rabbit monoclonal) were from Millipore (Billerica, MA, USA), anti-HPV16 E6/18 E6 (C1P5) (mouse monoclonal) was from Abcam (Cambridge, CB4 0FL, UK). Peroxidase-conjugated secondary antibodies were from Jackson ImmunoResearch (West Grove, PA).

Cells and BAG3 siRNA transfection {#s0025}
---------------------------------

Cervical cancer cell lines HeLa and C33A were obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA). All cells were maintained in EMEM and DMEM (BioWhittaker, Lonza, NJ, USA) media, respectively supplemented with 10% (v/v) FBS, 2 mM L-glutamine and antibiotics at 37 °C in humidified atmosphere at 5% CO~2~. To ensure logarithmic growth, cells were sub-cultured every 3 days.

A specific small interfering RNA (siRNA) (5′-AAGGUUCAGACCAUCUUGGAA-3′) targeting BAG3 mRNA and a control, scramble (scr) RNA (5′-CAGUCGCGUUUGCGACUGG-3′) were obtained from Dharmacon (Thermo Fisher Scientific, Lafayette, CO, USA). HeLa and C33A cells, at a cell density of 1 × 10^5^/ml, were transfected with siRNA and scrRNA at a final concentration of 100 nM using Lipofectamine™ RNAiMAX reagent (Invitrogen, Life Technologies). Cells were harvested at indicated time points and BAG3 silencing was monitored in all the experiments by Western blotting.

Western blotting and immunoprecipitation {#s0030}
----------------------------------------

Cell whole lysates for immunoblot analysis were prepared according to the standard protocol. Protein concentration was determined by DC Protein Assay (Bio-Rad, Berkeley, CA, USA), using bovine serum albumin (BSA) as a standard. Proteins were fractionated on SDS-PAGE, transferred into nitrocellulose membranes, and immunoblotted with appropriate primary antibodies. Signals were visualized with appropriate horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (Amersham Biosciences-GE Healthcare, NY, USA). Densitometry of bands was performed with ImageJ software (<http://rsbweb.nih.gov/ij/download.html>).

E6 detection was achieved by immunoprecipitation of a large amount of cell lysate (4 mg of proteins) substantially according to Hsu et al. [@bib0120]. Briefly, lysates were incubated with 2 µg of anti-HPV16 E6/18 E6 antibody or immune control IgG at 4 °C overnight on a tube rotator. Thirty-five microliters of protein A/G-Sepharose was then added and the reaction mixtures were incubated further for 2 h at 4 °C. The immune complexes were pelleted and washed five times with 0.1% Tween/PBS solution. After final centrifugation, pellets were suspended in 25 µl of Laemmli buffer.

Cell viability, cell cycle and apoptosis {#s0035}
----------------------------------------

The number of viable cells was quantified by MTT (\[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide\]) assay. Absorption at 550 nm was assessed using a microplate reader (LabSystems, Vienna, VA, USA). In some experiments cell viability was also checked by Trypan Blue exclusion assay using a Bürker counting chamber.

Cellular DNA content was evaluated by propidium iodide (PI) staining of permeabilized cells according to the available protocol and flow cytometry (BD FACSCalibur *flow cytometer*, Becton Dickinson, San Jose, CA, USA). Data from 5000 events per sample were collected. The percentages of the elements in the hypodiploid region were calculated using the CellQuest software and those in G~0~/G~1~, S and G~2~/M phases of the cell cycle were determined using the MODFIT software.

Apoptosis was determined by Human Annexin V/FITC kit (Bender MedSystem, Wien, Austria) according to the manufacturer\'s instructions. Green (Annexin V-FITC) and red (PI) fluorescence of individual cells were measured by flow cytometry. Electronic compensation was required to exclude overlapping of the two emission spectra.

Phase contrast microscopic analysis were performed by using a Zeiss Axiovert 200 microscope (Zeiss, Oberkochen, Germany) equipped with a 40× objective (λ~exc~, 351 nm; λ~em~, 380 nm), and images were acquired from randomly selected fields.

Adhesion assay {#s0040}
--------------

ScrRNA and BAG3siRNA-loaded cells were harvested at 72 h post-transfection. After centrifugation to remove dead cells, HeLa and C33A cells (at a cell density of 1 × 10^5^/ml and 2 × 10^5^/ml, respectively) were added to wells, previously coated with 10 µg/ml fibronectin (FN), and allowed to adhere for 90 min. The wells were washed three times with PBS, to remove non adherent cells. The number of cells was then determined by evaluating endogenous acid phosphatase with p-nitrophenyl phosphate as substrate [@bib0125]. In each experiment reagents were checked using known amounts of cells.

RNA isolation and quantitative real-time RT-PCR (qRT-PCR) {#s0045}
---------------------------------------------------------

Total RNA was isolated using Trizol Reagent according to the manufacturer\'s instructions and spectrophotometrically quantified. RNA integrity was assessed by agarose gel electrophoresis. Three micrograms of RNA were reverse transcribed, and qRT-PCR was performed with Light-Cycler® 480 (Roche Diagnostics GmbH, Mannheim, Germany) using SYBR Green detection in a total volume of 20 µl with 1 µl of forward and reverse primers (10 mM) and 10 µl of SYBR Green I Master Mix. Reactions included an initial cycle at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at 56 °C for 5 s, extension at 72 °C for 15 s. The 18S RNA was used as an internal standard. The following primer sets were used for qRT-PCR to assay specific mRNAs: i) forward E6 HPV18: 5′-ACC CTA CAA GCT ACC TGA TC-3′, reverse E6 HPV18: 5′-GTG TCT CCA TAC ACA CAG AGT C-3′; forward 18S: 5′-CGA TGC TCT TAG CTG AGT GT-3′, reverse 18S: 5′-GGT CCA AGA ATT TCA CCT CT-3′; ii) forward p53: 5′-CCA CTT CAC CGT ACT AAC CA-3′, reverse p53: 5′-GTC AAG TTC TAG ACC CCA TG-3′. Fold changes of E6 and p53 mRNA levels were determined by calculating ratios between scrRNA and BAG3siRNA and control normalized signals.

Statistical analysis {#s0050}
--------------------

Data reported in each figure are the mean values ± SD from at least three experiments, performed in duplicate, showing similar results. Differences between treatment groups were analyzed by Student\'s t-test. Differences were considered significant when p \< 0.05.

Results {#s0055}
=======

BAG3 pro-survival role in HeLa cells {#s0060}
------------------------------------

Firstly we examined BAG3 basal expression in HeLa (HPV18^+^) and C33A (HPV^--^) cervical carcinoma cell lines [@bib0130]. The blot in [Fig. 1A](#f0010){ref-type="fig"} shows that BAG3 is expressed in both cell line, even though to a higher extent in HeLa cells. BAG3 was efficiently down-modulated in both HeLa and C33A cells using a BAG3-specific siRNA (BAG3siRNA). In [Fig. 1A](#f0010){ref-type="fig"} (lower panels) we reported only the time-dependent reduction of BAG3 expression in HeLa cells as representative of results obtained in C33A cells. At 50 h and 72 h post-transfection (p.t.), BAG3 levels in BAG3siRNA-loaded cells were reduced by about 40% and more than 70%, respectively, compared to scramble RNA (scrRNA)-transfected cells. The slight increase of BAG3 protein in scrRNA-loaded cells with respect to control (untransfected) cells was possibly due to transfection procedure-induced stress. Notably, we found that, under our experimental conditions, BAG3 down-modulation caused a reduction of cell number specifically in HeLa cells ([Fig. 1B](#f0010){ref-type="fig"}). Phase-contrast microscopy analysis of BAG3-silenced HeLa cell revealed the presence of cells loosing the flat/spindle-shaped morphology and an increase in the number of cells floating in the medium ([Fig. 1C](#f0010){ref-type="fig"}). [Figure 1D](#f0010){ref-type="fig"} shows that BAG3 silencing reduced the adhesion efficiency to FN-coated plates more markedly in HeLa than in C33A cells, thus confirming that BAG3 contributes in promoting cell-matrix contacts specifically in HeLa.Fig. 1BAG3 down-modulation affects HeLa cell viability. (A) BAG3 expression in HeLa and C33A cells (upper panel): BAG3/α-tubulin densitometry ratios are indicated; the blot is representative of at least two separate experiments with similar results. BAG3 down-modulation in HeLa cells in function of the time post-transfection (p.t) (lower panel): BAG3 levels were monitored by Western blotting and densitometry data of samples are expressed as fractions of BAG3/α-tubulin ratio in control cells normalized to 1. (B) Effect of BAG3 down-modulation on HeLa and C33A viability; on the Y axis the percentages of viable cells in BAG3-silenced cell samples versus scrRNA-transfected cells (% cell number of scrRNA versus control: 90 ± 3 at 50 h, 94 ± 3.3 at 72 h). (C) Representative phase contrast microscopy images (40× magnification) of scrRNA- and BAG3siRNA-transfected HeLa at 72 h p.t. (D) Effect of BAG3 down-modulation on HeLa and C33A adhesion to FN-coated plates. All results in A, B and D are the mean values ± SD from at least three experiments performed in duplicate (\*p \< 0.05, \*\*p \< 0.001).

PEITC effects on HeLa and C33A cell proliferation and viability {#s0065}
---------------------------------------------------------------

In preliminary experiments we confirmed that PEITC efficiently inhibited HeLa and C33A cell growth [@bib0135]. Under our experimental conditions, PEITC Ic50 (half-maximal inhibitory concentration) value at 24 h was about 12 µM in both the two cell lines (dose--response curves not shown). To gain more insight into the mechanisms underlying PEITC cell growth inhibition potential in HeLa and C33A cells, we titrated the effects of such drug on cell cycle progression and apoptotic death ([Fig. 2A](#f0015){ref-type="fig"} ). In C33A cells, apoptosis and cell cycle arrest were induced almost simultaneously, while in HeLa cells the block in G~2~/M seemed to precede the onset of apoptosis. The time-course of apoptosis and cell cycle arrest induction by 20 µM PEITC ([Fig. 2B](#f0015){ref-type="fig"}) suggested that apoptotic death occurred subsequently to G~2~/M arrest. As the percentages of cells accumulated in G~2~/M increased, the percentage of subG~0~/G~1~ cells started to grow. The reduction of G~2~/M cell population at 24 h treatment with this high PEITC dose (panels A and B in [Fig. 2](#f0015){ref-type="fig"}), concomitant to an increase of cells in S and G~0~/G~1~ (data not shown), was due to the apoptotic fate of arrested cells, rather than to a recovery of cell cycle progression. Apoptosis-induced DNA fragmentation in G~2~/M cells generates, indeed, subG~2~/M populations artifactually integrated in FACS analysis as S or G~0~/G~1~ peaks.Fig. 2PEITC-induced G~2~/M and apoptosis in cervical cancer cell lines. (A) HeLa and C33A cells were exposed to increasing amounts of PEITC for 24 h; the percentages of hypodiploid and G~2~/M arrested cells were evaluated by flow cytometry analysis of PI-stained nuclei. (B) HeLa cells were exposed to a fixed dose of PEITC (20 µM) for the times indicated. Data in A and B have been subtracted for the corresponding values in control cells (exposed to vehicle only): HeLa, subG~0~/G~1~ ≤ 2%; G~2~/M 14.74 ± 1.1%; C33A, subG~0~/G~1~ ≤ 2.2%; G~2~/M 13.04 ± 1.5%. Data are the mean values from three experiments: SD values never exceeded 12% of the means.

The more pronounced G~2~/M arrest in HeLa compared to C33A cells was found to correlate with a more extensive PEITC-induced tubulin disruption ([Supplementary Fig. S1](#ec0010){ref-type="supplementary-material"}).

BAG3 down-modulation enhances PEITC-induced apoptosis in HeLa cells {#s0070}
-------------------------------------------------------------------

The effect of BAG3 down-modulation on PEITC-induced apoptosis in HeLa and C33A cells was then evaluated. To avoid the possibility of false positive results due to BAG3 silencing-induced reduction of HeLa cell number (see [Fig. 1B](#f0010){ref-type="fig"}) we adopted the following experimental conditions: i) BAG3siRNA- and scrRNA-transfected HeLa and C33A cells received vehicle or PEITC as early as at 62 h p.t. and were incubated with the drug further for 10 h; ii) only for HeLa cells: the amount of PEITC added to BAG3siRNA-transfected cells was about 15% lower than that used for scrRNA-transfected cells. PEITC-induced apoptosis in the different samples was monitored by the Annexin V/PI test to better discriminate between apoptotic and necrotic death. Results summarized in [Fig. 3A](#f0020){ref-type="fig"} show that BAG3 down-modulation allowed overcoming the low/delayed basal HeLa cell response to PEITC-triggered pro-death signals, this resulting in a marked and earlier increase of cells undergoing apoptosis. Notably, the percentages of apoptotic cells (phosphatidyl serine exposing cells, A^+^/PI^--^ and AP^+^/PI^+^) was increased by about sevenfold in HeLa cells, while by less than twofold in C33A cells ([Fig. 3B](#f0020){ref-type="fig"}). BAG3 down-modulation did not, instead, affect the extent of PEITC-induced G2/M block either in HeLa ([Fig. 3A](#f0020){ref-type="fig"}, lower panel) or C33A cells (not shown).Fig. 3Effects of BAG3 down-modulation on HeLa and C33A cell susceptibility to PEITC-induced apoptosis. (A) ScrRNA- and BAG3siRNA-transfected HeLa and C33A cells received PEITC or vehicle at 62 h post-transfection (PEITC doses are indicated) and incubated for further 10 h. Left panel: apoptosis was assessed by Annexin V/PI assay (A^+^/PI^--^, early apoptotic cells; A^+^/PI^+^, late apoptotic/necrotic cells; A^--^/PI^+^, necrotic cells) and flow cytometry. On the Y axis: the percentage in each quadrant of PEITC-treated scrRNA- and BAG3siRNA-transfected cells subtracted for the percentage in the respective quadrants of control cells. Right panel: cell cycle progression was evaluated by flow cytometry analysis of PI stained nuclei. On the Y axis: the percentage of PEITC-treated scrRNA- and BAG3siRNA-transfected cells with a specific DNA content subtracted for the respective percentage in control cells. (B) Effect of BAG3 silencing on PEITC-induced apoptosis in C33A. Treatment conditions and procedures are same as in A. All results in A and B are the mean values ± SD from at least three experiments performed in duplicate (\*\*p \< 0.001).

The involvement of BAG3 in PEITC-induced response in HeLa cells was also signified by the bi-phasic effect of the drug on BAG3 levels ([Fig. 4](#f0025){ref-type="fig"} ). In agreement with the stress-inducible nature of BAG3, its expression resulted in an increase at PEITC doses lower than 15 µM. The appearance of the additional immunoreactive BAG3 band with a slightly higher molecular weight in the doublet has been already reported in response to others stress-inducing chemicals [@bib0065]. Notably, the increase of BAG3 expression was followed by a marked suppression of BAG3 signal at 20 µM PEITC. Such a reduction was not simply due to gross toxicity since in C33A the same highly cytotoxic dose of PEITC had low, if any, effect on BAG3 levels.Fig. 4PEITC affects BAG3 expression in HeLa cells. BAG3 levels in HeLa and C33A cells exposed for 8 h to increasing concentrations of PEITC. Densitometry data of PEITC-treated cells are expressed as fractions of BAG3/GAPDH ratio in control cells (vehicle only) normalized to 1. Blots shown are from one experiment representative of at least two with similar results.

BAG3 silencing and PEITC restore p53 levels in HeLa cells {#s0075}
---------------------------------------------------------

The levels of p53 in HeLa cells are kept low due to E6/E6AP-enhaced proteasome degradation [@bib0025]. Therefore to detect p53 signal up to 100 µg of HeLa cell lysate proteins were loaded onto the gel. [Figure 5A](#f0030){ref-type="fig"} clearly shows that the p53 faint signal detected in control and scrRNA-transfected HeLa cell lysates became more intense in BAG3siRNA-transfected cells. qRT-PCR analysis revealed no changes of p53 mRNA levels, thus indicating that p53 was increased at protein level ([Fig. 5B](#f0030){ref-type="fig"}). In C33A cells, the intensity of p53 band was, instead, unaffected by BAG3 down-modulation ([Fig. 5C](#f0030){ref-type="fig"}).Fig. 5BAG3 down-modulation and PEITC restore p53 levels in HeLa cells. (A) p53 levels in control (Ctrl), scrRNA (scr)- and BAG3siRNA (siRNA)-transfected HeLa cells harvested at 72 h post-transfection. Eighty micrograms of proteins were loaded in each lane. Data are expressed as p53/GAPDH densitometry ratios and represented as the mean values ± SD from at least three experiments (\*\*p \< 0.001). BAG3 silencing was checked. (B) p53 mRNA levels by qRT-PCR. p53 mRNA levels (Y axis) in scrRNA (scr) and BAG3siRNA (siRNA) are expressed relative to p53 mRNA level in control cells. Data are the mean values ± SD from two independent experiments performed in duplicate. (C) Effect of BAG3 silencing on p53 levels in C33A cells. (D) BAG3 and p53 levels in C33A and HeLa cells exposed to 20 µM PEITC for 10 h. The blots in C and D are from one experiment representative of at least two with similar results.

An increase of the p53 signal was also observed in HeLa cells exposed to 20 µM PEITC ([Fig. 5D](#f0030){ref-type="fig"}, left panel), a concentration of the drug causing a marked and early apoptotic response and effective in reducing *per se* BAG3 protein levels (see [Fig. 4](#f0025){ref-type="fig"}). The elevation of p53 was specific for HeLa cells, since the treatment of C33A cells with the same dose of PEITC led, instead, to a reduction of p53 protein ([Fig. 5D](#f0030){ref-type="fig"}, right panel).

Effect of BAG3 silencing on E6 and E6AP levels {#s0080}
----------------------------------------------

Next, we explored the effect of reduced BAG3 expression on the levels of both viral E6 oncoprotein and cellular E6AP protein. Due to the low expression of E6 protein in HeLa cells, the samples were enriched in E6 protein by immunoprecipitating a large amount of cell lysates (details in Materials and methods). Using this experimental trick, we successfully demonstrated the presence of an E6 immunoreactive band (apparent MW of 17 kDa) in HeLa cells. The signal was specific for E6 because it was absent in C33A cells ([Fig. 6A](#f0035){ref-type="fig"} ). BAG3 down-modulation led to a slight, but highly reproducible, decrease of E6 immunoreactive signal compared to control (non transfected) and scrRNA-transfected HeLa cells ([Fig. 6B](#f0035){ref-type="fig"}). E6 was reduced at protein level, since BAG3 silencing did not significantly affect E6 mRNA levels ([Fig. 6C](#f0035){ref-type="fig"}). Unlike E6, E6AP was unaffected by BAG3 down-modulation ([Fig. 6D](#f0035){ref-type="fig"}).Fig. 6Effect of BAG3 down-modulation on E6 viral protein and cellular E6AP levels. (A) HeLa and C33A lysates were immunoprecipitated with an anti-E6 antibody and blotted for E6. (B) E6 levels in vehicle (Ctrl), scrRNA (scr)- and BAG3siRNA (siRNA)-transfected HeLa cells harvested at 72 h post-transfection. Densitometry data of samples are expressed as fractions of E6/IgG (light chains) ratio in control cells normalized to 1 and represented as the mean values ± SD of four separate experiments. An aliquot of each lysate was used to check BAG3 silencing (lower blots). (C) E6 mRNA levels by qRT-PCR. E6 mRNA levels (Y axis) in scrRNA (scr) and BAG3siRNA (siRNA) are expressed relative to E6 mRNA level in control cells. Data are the mean values ± SD from three independent experiments. (D) E6AP levels in the indicated samples (15 µg protein/lane). E6AP to α-tubulin densitometry ratios are indicated. The blot, probed also for BAG3 to confirm the down-regulation of the protein, is representative of at least two experiments with similar results.

Discussion {#s0085}
==========

BAG3 is a stress-inducible anti-apoptotic protein over-expressed in cancers and tumor cell lines [@bib0050]. BAG3 influences cell survival by interacting with different molecular partners involved in cell development, apoptosis, autophagy, cell migration, and tumor metastasis. In several cancer cell models, the reduction of BAG3 expression leads to the sensitization to many apoptosis inducers, while its overexpression reduces sensitivity to apoptosis. In view of the demonstrated association of BAG3 biological *functions* with the proteasome--ubiquitination system [@bib0140], [@bib0145] and the known ability of the high risk oncoprotein E6 to target numerous host cell proteins for proteasome degradation [@bib0150], [@bib0155], we explored the role of BAG3 in HPV18-infected HeLa cells survival and resistance to drug-induced apoptosis.

BAG3 was found to be expressed at higher levels in HPV18^+^ HeLa than in HPV^−^ C33A cervical carcinoma cell lines and its down-modulation by a specific siRNA had a more negative impact on HeLa cell growth. These findings were taken as preliminary evidence of possible major pro-survival functions of BAG3 in the HPV18^+^ cell line. To support this hypothesis, we next examined whether BAG3-down modulation might also differently affect HeLa and C33A susceptibility to chemical-induced apoptosis.

PEITC is a natural compound from *cruciferous* vegetables, widely investigated for its low systemic toxicity, but relevant anti-tumor potential ([@bib0160] and references therein). According to previous data [@bib0135], we found that PEITC efficiently inhibited HeLa and C33A cell growth by promoting apoptotic death and cell cycle arrest in G~2~/M phases. However, the two carcinoma cell lines displayed a different susceptibility to PEITC cytostatic and cytotoxic effects. The comparison of PEITC dose--response curves indicated that the reduction of cell number in HeLa cells was due mainly to cell cycle arrest, while in C33A cells to both apoptosis and G~2~/M block. Moreover, the kinetics of G~2~/M arrest and apoptosis induction by a fixed PEITC dose showed that in HeLa cells the onset of apoptosis was delayed and occurred mainly in G~2~/M arrested cells. Notably, we found that BAG3 down-modulation sensitized HeLa cells to PEITC-triggered pro-apoptotic signals, this resulting in a marked and early increase of cells undergoing apoptosis. The enhanced apoptotic response to PEITC appeared to be cell type-specific, since BAG3 suppression increased only moderately the response in C33A cells.

The tumor suppressor p53 controls the expression of several proteins involved in apoptosis or in the control of cell cycle, and the inhibition of p53 transactivation functions promotes cell death and/or cell cycle arrest [@bib0165]. The presence of mutate *p53* gene or perturbation of its functions are, indeed, common features of several human cancers [@bib0170]. Cervical carcinoma C33A (HPV^--^) cells express mutate p53, while HeLa (HPV18^+^) cells express wild-type p53 [@bib0175]. However, the viral E6 oncoprotein strongly affects the p53 *status* in HPV-infected cells mainly by promoting p53 proteasome degradation [@bib0180] and inhibiting its transactivation [@bib0185]. The restoration of p53 in high risk HPV^+^ cells has been shown to positively correlate with increased susceptibility to undergo apoptosis in response to chemical and physical agents [@bib0190], [@bib0195]. Regarding PEITC, literature data suggest that the involvement of p53 pathways in PEITC cell growth inhibition is cell type-specific [@bib0200], [@bib0205], [@bib0210], [@bib0215], [@bib0220]. Here, we demonstrated that BAG3 suppression, in addition to enhancing the apoptotic response of HeLa cells to PEITC, caused a significant increase of p53. This result could be taken as evidence of a role of restored p53 pathways in PEITC-induced apoptosis in HeLa cells. A possible relationship between BAG3 suppression and p53 recovery for the commitment of HeLa cells toward a death fate was also supported, even if not conclusively proven, by the observation that the treatment of HeLa cells with a highly cytotoxic PEITC concentration resulted in a decrease of BAG3 concomitant to an increase of p53.

Conversely, the restoration of p53 in HeLa cells silenced for BAG3 did not affect the extent of G~2~/M arrest induced by PEITC. The lack of any role of p53 in PEITC cytostatic effects was not completely surprising in view of the well established ability of PEITC to target tubulin and, consequently, to promote its disruption [@bib0225]. Accordingly, the more marked and earlier tubulin decrease in HeLa than in C33A cells well correlated with the more pronounced G~2~/M arrest ([Supplementary Fig. S1](#ec0010){ref-type="supplementary-material"}).

Unlike in HeLa cells, in C33A cells the levels of p53 were unaffected by BAG3 down-regulation and the treatment with highly cytotoxic PEITC doses reduced mutate p53 protein. This result was in agreement with the previous study of Wang et al. [@bib0230], who also demonstrated that the selective depletion of mutate p53 proteins resulted in a higher basal susceptibility to PEITC-induced apoptosis of cells expressing mutate p53 compared to cells with wild-type p53. In contrast, we found that BAG3 suppression and the resulting recovery of p53 made HeLa more susceptible than C33A cells to PEITC pro-apoptotic signals. Although the results of Wang et al. [@bib0230] could not be generalized to all cell types, we cannot exclude that other mechanisms, in addition to the recovery of wild-type p53, contributed to BAG3 silencing-induced HeLa cells sensitization to PEITC cytotoxic effects.

The recovery of p53 in HeLa cells, induced by suppressing BAG3 expression, was mediated by post-transcriptional mechanisms, since the levels of its mRNA were unaffected. E6-mediated p53 proteasome degradation is the main, if not exclusive, post-transcriptional mechanism responsible of the low p53 levels in HPV-infected cells [@bib0180], [@bib0235]. It has been shown that E6 promotes p53 proteasome degradation not only by the well established ubiquitination-dependent pathway [@bib0025], but also by ubiquitination-independent pathways [@bib0240]. Moreover, E6 can inactivate p53 also by inhibiting post-translational modifications, i.e. phosphorylation [@bib0245] and acetylation [@bib0185], required not only for p53 transactivation, but also for its stability [@bib0250], [@bib0255]. Appropriate experimental conditions allowed us to detect E6, expressed at very low levels in HeLa cells, and to demonstrate that the suppression of BAG3 caused the decrease of E6. This was in support of a BAG3 silencing-induced impairment of p53 degradation machinery as one of the mechanisms responsible for the elevation of the transcriptional factor in HeLa cells. The cellular E3 ubiquitin ligase, E6AP, which cooperates with E6 for p53 ubiquitination and subsequent proteasome degradation [@bib0025], was, instead, unaffected by BAG3 down-modulation. The intracellular levels of E6 are regulated by the balance between expression and proteasome degradation [@bib0260], [@bib0265]. We showed that BAG3 silencing affected E6 at protein level. On the basis of this result and by considering the well known association of BAG3 *functions* with the proteasome system [@bib0140], [@bib0145], we could hypothesize that BAG3 suppression allows a more efficient proteasome degradation of viral E6 oncoprotein [@bib0260], [@bib0265]. However, BAG3 has not been recognized as one of E6 partners [@bib0045]. Thus, it might contribute to E6 stability by assisting/sustaining the binding of the viral oncoprotein to those partners, namely E6AP [@bib0270], 14-3-3ζ [@bib0275], and PDZ domain-containing proteins [@bib0280], shown to be relevant for its own stabilization. In the present study, due to the low basal levels of viral E6 oncoprotein and, consequently, of p53 tumor suppressor in HeLa cell model, we were unable to investigate in depth the possible mechanisms by which BAG3 silencing promoted p53 elevation and E6 reduction in these cells. Further studies in cells over-expressing E6 or p53 are needed to address these questions.

In conclusion, the present study reveals a role of BAG3 in sustaining HPV18 E6-mediated p53 disruption and suggests this as one of the mechanisms involved in BAG3-silenced HeLa cells sensitization to PEITC. The higher BAG3 expression in HPV18^+^ HeLa compared to HPV^--^ C33A might, in turn, result from an E6-activated positive feedback loop to sustain infected cell survival. Moreover, the demonstrated ability of PEITC to promote *per se* p53 recovery, possibly by depleting BAG3, might provide a rationale for the previously shown PEITC-induced sensitization of HeLa cells to apoptosis induced by cisplatin, a chemotherapeutic method routinely used in cervical cancer treatment [@bib0135]. Since cisplatin has also been reported to prevent p53 degradation [@bib0285], the combined treatment of cells with the two drugs could actually result in a fast and marked p53 restoration in HeLa cells and, consequently, apoptotic death.
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